Despite improvements in survival with aggressive chemoradiation, outcomes for patients diagnosed as having glioblastoma multiforme (GBM) remain poor. Survival is further limited in elderly patients, who are often unable to tolerate multimodality therapy. The appropriate treatment approach for elderly patients (aged >65 years) with GBM remains unclear. While the literature supports the use of standard radiotherapy (60 Gy), several recent studies have suggested that treatment with temozolomide monotherapy or short-course radiotherapy may be a reasonable alternative.
T he introduction of temozolomide chemotherapy concurrent with radiotherapy resulted in a paradigm shift in the treatment of glioblastoma multiforme (GBM). The European Organisation for Research and Treatment of Cancer (EORTC)-National Cancer Institute of Canada Clinical Trials Group (NCIC) trial confirmed significant improvements in overall survival (OS) and effectively set the standard of care for newly diagnosed GBM to be radiotherapy of 60 Gy in 30 fractions concurrent with daily temozolomide followed by 6 months of adjuvant temozolomide; however, these data offer little direction regarding best practice for the treatment of elderly patients with GBM, as only a minority of patients enrolled in the EORTC-NCIC trial were older than 65 years and patients older than 70 years were excluded. 1 The optimal therapeutic approach in elderly patients is of major interest as approximately half of all patients with GBM are older than 65 years, the incidence of GBM in the elderly population is increasing, 2 and many elderly individuals cannot tolerate combined therapy. 3 Significant heterogeneity in the management of elderly patients with GBM has been reported in a recent analysis of patients older than 70 years with GBM, 4 as captured in the Surveillance, Epidemiology, and End Results (SEER) registry. The study concluded that 86% of patients received some form of treatment and only 46% of patients underwent both surgery and radiation. Evidence-based guidelines for management are needed. The results of several recent studies 5, 6 have suggested that treatment with temozolomide alone for elderly patients with GBM may be a reasonable alternative to radiotherapy. In particular, this option may be most relevant in elderly patients who harbor O 6 -methylguanine-DNA-methyltransferase gene (MGMT) promoter methylation. Epigenetic silencing of MGMT through promoter methylation appears to enhance the cytotoxic effect of both temozolomide and combined chemoradiation. 7 To clarify our understanding of best practice in the treatment of elderly patients with GBM, we performed a systematic analysis of the level 1 and 2 evidence available regarding treatment of elderly patients with temozolomide or radiation monotherapy, with consideration of MGMT promoter methylation status.
Methods

Search Strategy and Selection Criteria
We performed a systematic review to identify articles from the temozolomide era (2005-present) that reported survival data related to treatment of elderly patients with GBM using either temozolomide alone or radiotherapy alone. References for this analysis were identified by searches of PubMed between January 1, 2005, and August 31, 2013, and references from relevant articles were searched. Literature searches were performed independently by 2 of us (O.J.Z. and S.D.) and the results compared. The search terms glioblastoma, elderly, temozolomide, radiation, hypofractionated, and survival were used. There were no language restrictions. Articles were chosen for full review if the abstract or title corroborated report of OS data. The selected articles were then reviewed to confirm report of OS data associated with either temozolomide alone or radiotherapy alone in elderly patients with GBM. Elderly was defined as aged 60 years or older. No selection restrictions were placed on the modality, treatment dose, or duration of radiotherapy or chemotherapy used. Single-arm studies lacking a control or comparative treatment group were excluded. Twenty-three articles were selected for inclusion in the final analysis ( Figure 1 ). The 23 articles were then reviewed with a biostatistician (Kevin Thorpe, MMath) to determine the level of evidence accrued, using the criteria designated by the Oxford Centre for Evidence-Based Medicine data as our guide. 8 Six level 1 and 2 studies were identified and included in the primary analysis. Seventeen level 3 and 4 studies were also identified and studied.
Data Extraction and Analysis
The articles selected for study were interrogated to identify elderly patients with GBM treated using chemotherapy alone or radiotherapy alone. The data were parsed to retrieve the following: recruitment period, inclusion criteria (age), number of patients treated, median age, median Karnofsky Performance Status score, median OS, 1-year OS, median progression-free survival, 6-month progression-free survival, and 12-month progression-free survival. Statistical analysis was performed using source data and SPSS version 22 statistical software (SPSS Inc).
Results
We identified 2 level 1 studies and 1 level 2 study that reported OS in elderly patients treated with temozolomide alone (Table 1 ). We also identified 4 level 1 studies and 2 level 2 studies that reported OS in elderly patients treated with radiotherapy alone ( Table 2) .
Randomized Trials
The NOA-08 trial 5 and the Nordic trial 6 were the only randomized trials comparing radiotherapy alone with temozolomide monotherapy for patients aged 65 years or older. The NOA-08 trial studied 373 patients with newly diagnosed GBM or anaplastic astrocytoma and a Karnofsky Performance Status score of 60 or greater. Patients were randomized to dose-dense temozolomide (100 mg/m 2 , dosed 1 week on, 1 week off) or standard radiotherapy (60 Gy in 30 fractions). Tumor response or progression was defined according to the Macdonald criteria. 13 The MGMT promoter methylation status was assessed by polymerase chain reaction on all patients for whom adequate tissue was available (209 of 373 patients enrolled). The primary end point was OS; the study was powered to demonstrate noninferiority. Health-related quality of life was also assessed using the EORTC Quality of Life Core Questionnaire (QLQ-C30) 14 and EORTC Quality of Life BrainSpecific Questionnaire (QLQ-BN20) 15 quality-of-life questionnaires. Of 373 enrolled patients, 298 (80%) were able to complete the study. The study concluded that temozolomide alone was not inferior to radiotherapy alone. Median OS was 8.6 months in the temozolomide group vs 9.6 months in the radiotherapy group (P for noninferiority = .03). MGMT promoter methylation was associated with longer event-free survival in patients treated with temozolomide monotherapy than in those treated with radiotherapy (8.4 vs 4.6 months, respectively), while patients lacking MGMT promoter methylation had a longer eventfree survival when treated with radiotherapy than when treated with temozolomide monotherapy (4.6 vs 3.3 months, respectively). The MGMT status was a strong predictor of event-free sur-vival and showed a strong but nonsignificant effect on OS. The MGMT-methylated tumors responded better to temozolomide than to radiotherapy. The authors found no significant differences on quality-of-life measures among the 2 groups except for discomfort from communication deficits, which was greatest for patients in the radiotherapy group who died between 6 and 12 months of treatment. The Nordic trial randomized 342 patients older than 65 years with a good performance status (Eastern Cooperative Oncology Group [ECOG] 16 performance status score 0-2) to 3 singlemodality treatment arms: (1) standard-dose temozolomide (n = 93); (2) standard radiotherapy (60 Gy in 30 fractions; n = 100); or (3) hypofractionated radiotherapy (34 Gy in 10 fractions; n = 98). Temozolomide was administered orally at 200 mg/m 2 on days 1 through 5 on a 28-day cycle for up to 6 cycles. Treatment with temozolomide was terminated prematurely on evidence of radiological or clinical progression, if unacceptable adverse effects were seen, or by physician or patient choice. After October 15, 2004 , patients younger than 65 years who were deemed fit to receive combination therapy were excluded from the study. The authors unfortunately did not expand on the criteria used to determine fitness for chemoradiation. A total of 291 patients underwent treatment. The primary end point was OS; secondary end points were health-related quality of life (as measured using the EORTC QLQ-C30 and QLQ-BN20) and safety. The MGMT promoter methylation and IDH1 mutation statuses were determined for all patients. Only 2 patients were found to have a tumor harboring the IDH1 Arg132His mutation. The median OS was significantly longer in patients treated with temozolomide (8.3 months) or hypofractionated radiotherapy (7.5 months) compared with those who received standard radiotherapy (6.0 months). In patients treated with temozolomide, MGMT promoter methylation was associated with significantly higher survival rates than unmethylated MGMT promoter (9.7 vs 6.8 months, respectively) but had no effect on OS in patients treated with radiotherapy. No difference in OS was observed in patients with an unmethylated MGMT promoter treated with radiotherapy or singleagent temozolomide (7.0 vs 6.8 months, respectively). Patients in the temozolomide group generally reported better quality of life than 
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). Prior to this study, there was no defined standard of care for the treatment of elderly patients with GBM. The study was stopped at the first interim analysis owing to the finding that OS with radiotherapy plus supportive care was superior to supportive care alone. Median OS for patients who received supportive care plus radiotherapy was 6.7 months, compared with 3.9 months in patients treated with supportive care alone. Importantly, the study found no significant difference in health-related quality of life between the 2 study groups. The EORTC-NCIC trial compared standard radiotherapy vs chemoradiation with temozolomide in patients up to age 70 years. 11 In a subgroup analysis of 170 patients, Stupp et al 11 found that patients older than 60 years had better OS with radiation alone compared with chemoradiation (11.8 vs 10.9 months, respectively), although long-term survival was significantly greater in the chemoradiation group. However, the study was not powered to allow conclusions to be drawn regarding this elderly patient cohort. The authors did not comment on the effect of MGMT promoter methylation status on the efficacy of radiotherapy, but MGMT promoter methylation had a profound effect on OS in all patients and on progression-free survival in patients treated with chemoradiation.
Nonrandomized Trials
Reifenberger et al 9 performed a secondary analysis of 233 elderly patients with GBM (aged >70 years) identified from a prospective cohort trial (nonrandomized) enrolled in the German Glioma Network. Disease progression was defined according to the Macdonald criteria. 
Discussion
We performed a systematic analysis of the available level 1 and 2 evidence regarding the treatment of elderly patients with GBM treated with temozolomide or radiation monotherapy, with the goal of constructing evidence-based conclusions that can assist the clinician in decisions regarding care. Our findings suggest that chemotherapy with temozolomide is an acceptable alternative to radiotherapy in elderly patients with GBM ( Figure 2) , particularly in patients harboring MGMT promoter methylation ( Table 3 and Table 4 ). As shown in Figure 2 , we found no significant statistical variation in effect on OS among the treatment modalities used in the reviewed trials, with the exception of a lower-than-mean OS in the standard radiotherapy group from the Nordic trial and a higher-than-mean OS in the standard radiotherapy group from the EORTC-NCIC trial. Both radiotherapy and chemotherapy are superior to supportive care alone and to historical survivals of elderly patients with GBM (median, 5.5 months) as determined through the recent SEER analysis.
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Our literature review is sufficient to offer level 1 evidence in support of radiotherapy for the treatment of GBM in elderly patients. The ANOCEF trial proved that radiation therapy (50.4 Gy in 28 fractions) improves OS as compared with supportive care alone, without detriment to quality of life, in patients with good performance status. Further, the Nordic trial found OS to be longer in patients treated with hypofractionated radiotherapy (34 Gy in 10 fractions) than in patients treated with standard radiotherapy (60 Gy in 30 fractions). This difference was more pronounced in older patients (aged who found no OS advantage in patients older than 60 years who were treated with standard radiotherapy (60 Gy in 30 fractions) vs hypofractionated radiotherapy (40 Gy in 15 fractions). Furthermore, Roa and colleagues found benefits in using hypofractionated radiotherapy with respect to a reduction in corticosteroid dependence. While representative of a different treatment era, the data from the study by Roa and colleagues support the conclusions of the Nordic trial that hypofractionated radiotherapy is at least equivalent to standard radiotherapy in elderly patients newly diagnosed as having GBM and should be a standard-of-care treatment option offered to patients. The literature does not speak to the efficacy of radiotherapy with 60 Gy vs 50.4 Gy in the elderly population. Both the Nordic and NOA-08 trials found temozolomide monotherapy to be an acceptable alternative to radiotherapy. Of note, the outcomes for patients treated with standard radiotherapy in the Nordic trial were unexpectedly poor compared with those seen in the NOA-08 and ANOCEF trials. This discrepancy might reflect a problem with treatment adherence: 22% of patients randomized to the standard radiotherapy arm dropped out at 4 weeks, and nearly onethird of patients underwent treatment crossover. Although an issue, this likely reflects the challenges in treating these patients with radiotherapy and an inherent added benefit to using outpatient chemotherapy.
In the Nordic trial, temozolomide therapy was found to be particularly efficacious in patients with MGMT promoter methylation. In fact, patients in the Nordic trial with MGMT promoter methylation had better OS when treated with temozolomide than with radiotherapy, a finding corroborated by Reifenberger et al. 9 These findings were echoed by the ANOCEF TAG Trial, which found a median survival of 31 weeks in elderly patients with MGMT promoter methylation treated with temozolomide vs 18.7 weeks in patients without MGMT promoter methylation. 19 The MGMT status -methylguanine-DNAmethyltransferase gene; NA, not applicable; NR, not reached; OS, overall survival; ellipses, not reported; −, negative, +, positive. a The HR was calculated relative to radiotherapy using both tumors with MGMT promoter methylation and those without MGMT promoter methylation. b The HR was determined by comparing patients treated with temozolomide who had tumors without vs with MGMT promoter methylation.
c The HR was determined by comparing patients treated with radiotherapy who had tumors without vs with MGMT promoter methylation. d Includes 14 patients treated with temozolomide, 1 patient treated with procarbazine hydrochloride plus lomustine, and 1 patient treated with nitrosourea alone. e Analysis was limited by the small sample size for this treatment (n = 2). German Glioma Network/Standard Radiotherapy 9
Median overall survival with 95% CI (horizontal lines) for each treatment cohort for the NOA-08 trial, 5 the Nordic trial, 6 the German Glioma Network study, 9 the Association des Neuro-Oncologues d'Expression Française (ANOCEF) trial, 10 European Organisation for Research and Treatment of Cancer (EORTC)-National Cancer Institute of Canada Clinical Trials Group (NCIC), 11 and the study by Rønning et al. 12 Dashed line indicates mean overall survival for all patients treated; shaded area, 95% CI for mean overall survival for all patients treated. had no effect on OS in patients treated with radiotherapy in either the Nordic trial or the NOA-08 trial. Importantly, monotherapy with either radiotherapy or chemotherapy is superior to supportive care alone.
In a recent meta-analysis, Yin et al 20 analyzed all studies, including those with lower levels of evidence, comparing temozolomide vs radiotherapy for elderly patients with GBM. The authors found a longer OS in the temozolomide group compared with the radiotherapy group. However, when only level 1 evidence was included in the analysis (the Nordic and NOA-08 trials), the authors could only conclude that temozolomide was not inferior to radiotherapy. This meta-analysis supports the idea that temozolomide alone is an effective treatment option. There have also been several single-arm trials studying the role of temozolomide and radiotherapy in the care of elderly patients with GBM, which we have summarized in eTable 1 and eTable 2 in the Supplement. From these studies, we can conclude that temozolomide alone is an effective treatment option in elderly patients with MGMT promoter methylation as compared with patients without MGMT methylation. Unfortunately, the ongoing EORTC-NCIC Intergroup Trial (EORTC 26062-22061/NCIC CE.6), which has been designed to study radiotherapy alone (40 Gy in 15 fractions) vs chemoradiation (40 Gy in 15 fractions concurrent with standard daily temozolomide dosing and 6 months of adjuvant temozolomide) in elderly patients, will not offer further insight into the question of chemotherapy alone for this patient cohort. While chemoradiation with temozolomide has become the standard of care for the treatment of young patients with GBM, the value of this treatment to elderly patients remains unclear. In the EORTC-NCIC trial, the benefit of chemoradiation appeared to wane in patients older than 65 years; in this cohort, median survival was 12.0 months with radiotherapy alone vs 10.9 months in patients treated with radiotherapy and temozolomide. Interestingly, Minniti et al 21 found an overall survival of 10.6 months in patients older than 70 years treated with standard radiotherapy with concomitant and adjuvant temozolomide, but survival of 12.4 months in a second elderly cohort treated with hypofractionated radiotherapy with concomitant temozolomide. 22 The shortcomings of chemoradiation with standard radiotherapy in elderly patients could speak to a difference in the biology of the disease in this cohort. 23 Conversely, this shortcoming could reflect a lack of physiological reserve needed to tolerate treatment, a greater burden of associated medical comorbidities that could worsen its undesired effects, or less aggressive surgery. If so, chemoradiation may be the best available therapy in elderly patients who have good physiological reserve and have undergone aggressive surgical resection. Furthermore, the role of bevacizumab in the elderly population is yet to be understood. Recent studies evaluating concurrent chemoradiation with temozolomide and bevacizumab in younger patients newly diagnosed as having GBM 24, 25 have not shown an OS advantage, and the high incidence of associated adverse events speaks against its likely benefit in elderly patients. The efficacy of bevacizumab with radiotherapy in elderly patients is being explored (clinicaltrials.gov identifier: NCT01443676), but the failure of early bevacizumab with standard therapy to improve OS raises questions regarding the rationale for further study. The role of surgery in elderly patients remains unclear, although paradoxically, the value of surgical resection in this population may be even greater than in younger patients. This is because of the often attenuated role of adjuvant therapies. 26 Extent of resection (complete vs incomplete vs biopsy) was found to be an independent prognostic factor for OS in the multivariate Cox analysis in the NOA-08 trial. A small randomized trial conducted in the pretemozolomide era also found improved OS at 3 months in elderly patients who underwent a gross total or subtotal resection as compared with biopsy alone (5.6 vs 2.8 months, respectively), although these findings may have been compromised by an imbalance in prognostic factors between the 2 arms. 27 Lastly, surgical resection has been found to confer a survival advantage to biopsy alone in elderly patients in multiple retrospective studies. 26, 28, 29 At this time, we would recommend maximal safe resection in elderly patients. -methylguanine-DNA-methyltransferase gene; NA, not applicable; OS, overall survival; ellipses, not reported; −, negative, +, positive. a The HR was calculated relative to radiotherapy using both tumors with MGMT promoter methylation and those without MGMT promoter methylation.
b Includes 14 patients treated with temozolomide, 1 patient treated with procarbazine hydrochloride plus lomustine, and 1 patient treated with nitrosourea alone. There are several limitations associated with our recommendations. First, the data allowing comparison of temozolomide alone with radiotherapy alone in elderly patients with GBM is limited. While the literature contains 2 randomized trials, more studies are needed to further define outcomes from each of these treatment options. Second, the literature has a lack of coherence in the definition of elderly. Third, the dosage and duration of temozolomide used and the dosage and modality of radiotherapy used are not consistent from study to study. This heterogeneity complicates interpretation of the data and compromises the approach of data pooling for metaanalysis. Lastly, elderly patients who have had an optimal surgical resection of a tumor with MGMT promotor methylation and have a Karnofsky Performance Status score higher than 70 should be considered for radiotherapy with concurrent chemoradiation, per the trial by Stupp and colleagues.
Conclusions
Based on the current body of high-level evidence, we conclude that single-agent temozolomide or hypofractionated radiotherapy alone is recommended for the treatment of elderly patients with GBM who are not candidates for combined chemoradiation as per the trial by Stupp and colleagues (Box). In addition, elderly patients whose tumors have MGMT promoter methylation are likely to receive the greatest benefit from temozolomide alone over radiotherapy. At this time, there is insufficient evidence to make a recommendation for either temozolomide or radiotherapy in patients without MGMT promoter methylation; however, our practice is to offer radiotherapy alone in this cohort.
Box. Recommendations
Level 1A
•Either single-agent temozolomide or hypofractionated radiotherapy alone may be used for the treatment of elderly patients with glioblastoma multiforme who are not candidates to receive combined radiotherapy and chemotherapy.
Level 1B •Elderly patients whose tumors have methylation of the O 6 -methylguanine-DNA-methyltransferase gene (MGMT) promoter are likely to receive the greatest benefit from temozolomide alone over radiotherapy.
•There is insufficient evidence to recommend either temozolomide alone or radiotherapy alone in patients without MGMT promoter methylation. Treatment should be individualized to the patient.
